A gronomy J our n al • Volume 102 , I s sue 2 • 2 010 623 A gricultural and forestry residues such as wheat (Triticum aestivum L.) straw, corn stubble, peanut (Arachis hypogaea L.) hulls, and pine slash are a potential source of biomass for fuels, but there is concern that removing these residues will adversely aff ect soil organic carbon stores and soil fertility (Lal, 2004; Wilhelm et al., 2004) . Pyrolysis of residues (thermoconversion in the absence of oxygen) may off er an alternative to produce energy as well as return carbon and nutrients to the soil (Laird, 2008) . Pyrolysis produces gases, bio-oil and biochar, all of which can be used as fuel sources (Ioannidou and Zabaniotou, 2007) . Interest in the use of biochar as a soil amendment has increased because it off ers an opportunity to reduce the potential negative impacts of biomass removal for energy production on soil quality (Laird, 2008; Lehmann, 2007) .
A gricultural and forestry residues such as wheat (Triticum aestivum L.) straw, corn stubble, peanut (Arachis hypogaea L.) hulls, and pine slash are a potential source of biomass for fuels, but there is concern that removing these residues will adversely aff ect soil organic carbon stores and soil fertility (Lal, 2004; Wilhelm et al., 2004) . Pyrolysis of residues (thermoconversion in the absence of oxygen) may off er an alternative to produce energy as well as return carbon and nutrients to the soil (Laird, 2008) . Pyrolysis produces gases, bio-oil and biochar, all of which can be used as fuel sources (Ioannidou and Zabaniotou, 2007) . Interest in the use of biochar as a soil amendment has increased because it off ers an opportunity to reduce the potential negative impacts of biomass removal for energy production on soil quality (Laird, 2008; Lehmann, 2007) .
Biochar from pyrolysis is an amorphous form of carbon that consists of numerous carbon compounds and ash (Chun et al., 2004) . Conditions during pyrolysis such as temperature, carrier gas, and residence time can aff ect the physical and chemical characteristics of biochar (Antal and Gronli, 2003) . At low pyrolysis temperatures (< 500°C), feedstock composition has the greatest aff ect on characteristics of biochar that impact agricultural productivity such as cation exchange capacity and nutrient content (Gaskin et al., 2008) . Carbon concentrations in low temperature biochars range from 380 g kg -1 for poultry litter biochars (Chan et al., 2008) , 692 g kg -1 for wheat stover (Chun et al., 2004) to 790 g kg -1 for pine chip biochars (Gaskin et al., 2008) . Nitrogen concentrations range from 1.4 g kg -1 in pine chips, 19 g kg -1 in peanut hulls, to 40 g kg -1 in poultry litter biochar (Gaskin et al., 2008) . Similarly, P and K concentrations were low in pine chip biochars [0.089 and 0.659 g kg -1 , respectively (Gaskin et al., 2008) ] and high in poultry litter biochar [33.6 and 45.6 g kg -1 , respectively (Gaskin et al., 2008)] .
Th e availability of nutrients in biochars from various feedstocks and produced under diff erent pyrolysis conditions is relatively unknown. In pot studies, Chan et al. (2008) reported poultry litter biochar increased N, P, S, Na, Ca, and Mg concentrations of the radish plants (Raphanus sativus variety Long Scarlet) indicating these nutrients are plant available; however, only concentrations of P, K, and Ca increased in radishes with the addition of greenwaste biochar (Chan et al., 2007) . Steiner et al. (2007) reported the addition of biochar made from secondary forest products to a weathered Amazonian soil without other fertility amendments did not aff ect the nutrient concentration in rice (Oryza sativa L.) or sorghum (Sorghum bicolor L. Moench). Consequently, it appears that feedstock as well as pyrolysis conditions may aff ect nutrient availability.
Much of the N in plant-based biochars formed in fi res is found in heterocyclic compounds that are part of the biochar matrix (Knicker, 2007) . Biochar is thought to be resistant to microbial degradation (Schmidt and Noack, 2000; Sombroek et al., 1993) ; consequently, the N contained in the polycyclic biochar matrix may not be available for plant use. Recent work indicates some decomposition of biochar may occur depending on soil conditions and land use (Cheng et al., 2006; Czimczik and Masiello, 2007) . Some studies have indicated that the addition of a large amount of C could cause N immobilization. Lehmann et al. (2003) reported decreased plant tissue N in cowpea [Vigna unguiculata (L.) Walp.ssp. unguiculata] with biochar addition. Rondon et al. (2007) reported a decrease in common bean (Phaseolus vulgaris L.) biomass and N uptake at high biochar application rates (90 g kg -1 ).
While relatively little information on the eff ects of pyrolysis biochar on soil exists, there is evidence that charcoal may have important eff ects on soil fertility and nutrient cycling. Charcoal C has been found to range from 10 to 35% of total soil organic carbon in agricultural soils of the United States with the higher charcoal concentrations found in soils subject to more frequent fi res (Skjemstad et al., 2002) . Charcoal is also reported to be an important component of Chernozems in Germany (Schmidt et al., 1999) , Australian soils subject to wildfi re (Skjemstad et al., 1996) , and the Terra Preta soils in the South American tropics (Glaser et al., 2002) . Research on charcoal in soils indicates that charcoal has important eff ects on cation exchange capacity (Liang et al., 2006) , soil water retention (Glaser et al., 2002; Tryon, 1948) , fertility (Steiner et al., 2007) , and biology (Pietikainen et al., 2000; Warnock et al., 2007) . Because biochar produced by pyrolysis is a complex amorphous C similar to charcoal, it may have similar eff ects.
Th e Ultisols in the southeastern United States are highly weathered, acidic, and oft en have low inherent fertility (Troeh and Th ompson, 2005) . Intensive agricultural tillage coupled with a climate that promotes decomposition of soil organic matter has depleted soil organic carbon (Langdale et al., 1992) . Several researchers have reported increases in productivity when soil organic carbon (SOC) is increased by using reduced tillage and increased carbon inputs from cover crops (Motta et al., 2002; Reeves, 1997) . Th ese soils could benefi t from the addition of pyrolysis biochar if Ultisols respond similarly to Oxisols where biochar has been added (Glaser et al., 2002; Steiner et al., 2007) .
Because biochar amendment can potentially aff ect the chemical, physical, and biological characteristics of a soil, we studied the eff ect of two biochars on corn (Zea mays L.) production in a Kandiudult soil of the southeastern United States under standard agronomic production practices. Two biochars were produced from commonly available feedstocks to give a low nutrient (pine chips) and high nutrient (peanut hulls) biochar for evaluation in two independent experiments. We hypothesized that the addition of biochar would positively aff ect corn yield due to changes in soil fertility and plant nutrient status but that biochar source would moderate these results. We expected the greatest eff ect would be seen with the peanut hull biochar that could potentially supply N as well as other nutrients. Th is paper focuses on the biochar eff ects on soil fertility, plant nutrient status, and corn yield.
MATERIALS AND METHODS

Site Location
A 2-yr fi eld study was established in March 2006 at the University of Georgia Coastal Plain Experiment Station near Tift on, GA (31°30´ N, 83°32´ W; 120 m). Th e fi eld plots were in a 0.04-ha section of a 0.20-ha fi eld. Cotton (Glossipum hirsutum L.), corn, and peanuts have been grown on the fi eld using conventional tillage. Th e previous summer crop was pigeonpeas [Cajanus caja (L.) Millsp.] and the fi eld was left to winter fallow. Th e Tift on loamy sand soil (fi ne-loamy, kaolinitic, thermic Plinthic Kandiudult) is typical of the Lower Coastal Plain (Table 1) .
Design and Installation
Before plot establishment, the fi eld was disk harrowed to a depth of approximately 15 cm and fertilized with 26 kg N ha -1 as well as 122 kg P 2 O 5 ha -1 , and 167 kg K 2 O ha -1 based on soil test results from the previous fall. Th is is standard agronomic practice in the area (Lee, 2009 ) due the low nutrient holding capacity of the soil. Each plot, 2.2 by 1.8 m in size, was delineated by stakes. A wooden frame was placed around each biochar plot during application. Th e plot size was relatively small compared to typical agronomic plot sizes due to the limited amount of biochar available. Much of the previous work with biochar has been conducted in greenhouses; this mesocosm scale fi eld evaluation of pyrolysis biochar provides a real world evaluation and is, we believe, the fi rst fi eld study of crop response to biochar in the United States.
Biochar was produced by EPRIDA Inc. (Athens, GA) from pelletized peanut hull and pine chip feedstocks in a pyrolysis reactor at 400°C with steam. Biochars from these two feedstocks represented a range in nutrient characteristics (Table 1) . Th e pelletized biochars were ground using a roller mill to a prill fertilizer size.
Biochars were applied at three rates (0, 11.2, 22.4 Mg ha -1 ) with and without N fertilizer in a factorial set of six treatments within a completely randomized design. Biochar application rates were based on work of Steiner et al. (2007) for yield responses for sorghum with charcoal plus NPK fertilizer and the fact that the peanut hull biochar contained measurable total N that might be available. Nitrogen fertilization rates were based on standard agronomic practice to achieve grain yields of 12.5 Mg ha -1 (Kissel and Sonon, 2008 
Soil Sampling and Analysis
Initial soil samples were collected in March of 2006 aft er treatment applications to establish baseline C and nutrient content for each plot. Soil samples were collected again aft er harvest in August 2006 and 2007. Soil samples were collected within the zone of incorporation (0-15 cm) and below the zone of incorporation (15-30 cm), using a 1.75-cm diam. push probe. Five subsamples were taken from the plot, composited, air dried, and sieved to < 2 mm. Total C, N, and S were analyzed by combustion (LECO CNS-2000, St. Joseph, MI, USA). Plant available Ca, Mg, P, and K were extracted with a Mehlich I solution (Mehlich, 1953) and measured by inductively coupled plasma spectrometry (ICP, Th ermo Jarrell-Ash model 61E,Th ermo Fisher Scientifi c, Waltham, MA).
Tissue Sampling and Analysis
At plant growth stage R1 (silking), an earleaf was collected from six plants within each plot. Th e earleaf samples were composited by plot and oven-dried at 60°C for 4 d. Samples were ground, digested with nitric acid, USEPA Method 3050 (USEPA, 1994) , and analyzed by inductively-coupled plasma spectrophotometer (ICP, Th ermo Jarrell-Ash model 61E,Th ermo Fisher Scientifi c, Waltham, MA). At the time of analysis, percent moisture was determined by weighing the samples, oven-drying at 60°C overnight and reweighing the samples. All results are presented on a dry-weight basis.
Harvest and Yield Estimation
Corn ears from each plot were removed from their shucks, bagged, and dried for 6 d at 49°C in a forced-air drying shed. Aft er drying, ears were mechanically shelled, and cob and kernel biomass were determined for each plot. Grain moisture content was determined using a 2100 Grain Analysis Computer (Dickey-John Corp., Auburn, IL). Kernel and grain yield were standardized at 15.5% moisture (Beuerlein, 2007) .
Aft er grain harvest, all corn plants within the plot were cut at 30 cm aboveground surface. Th e stalks and leaves were dried for 6 d at 49°C in a forced-air drying shed. Aft er drying, the stover biomass was determined by weighing stalks and leaves from each plot, and then adding in the dried cob weight.
Statistical Analysis
Th e analyses were conducted with Proc Mixed of SAS (SAS Institute Inc., Carey, NC) using a repeated measures design (2 yr. of observation on the same plot) and evaluating the carry over eff ects of biochar application during the second year of the study. Year was treated as a fi xed eff ect to test biochar impact in the second year aft er application. Th e six treatments made up a factorial set; consequently, the means were separated using orthogonal contrasts. Th ese contrasts were used to test for eff ects of fertilization and biochar as well as interactions. Because the biochar was applied at three rates, linear and lack of fi t (LOF or quadratic) eff ects were tested along with interactions. In this case, LOF is a test for a signifi cant departure from linearity (a curvilinear relationship). Due to the limited number (3) of treatment levels we cannot defi ne the nature of the curvilinear relationship except as a departure from linearity. Th e factorial set of treatments made up of fertilization and biochar, as well as year, were tested as fi xed eff ects. Statistical tests with p = 0.05 level were considered signifi cant and the null hypothesis was rejected.
RESULTS
Soil Nutrient Status Peanut Hull Biochar Experiment
Th e peanut hull biochar added N, P, K, Ca, and Mg to the soil (Table 1) . As expected, addition of peanut hull biochar infl uenced the concentration of some soil nutrients and pH at the end of each growing season (Tables 2 and 3 ). However, the responses diff ered between the 2 yr. and in some cases depended on fertilizer treatment (Tables 2 and 3) . As indicated by the orthogonal contrasts, there was an increase in soil pH with peanut hull biochar application rate in the surface soil (0-15 cm depth) during 2006; however, in 2007, the pH decreased with biochar application rate (i.e., signifi cant BC Lin × Yr interaction). Th e decrease in soil pH between 2006 and 2007 was greater in the fertilized than the unfertilized treatments (i.e., signifi cant Fert × Yr interaction). Below the zone of incorporation, biochar application rate interacted with year to infl uence pH. Th e pH was highest at the greatest rate of biochar application in the year of application, but not the following year. Th e pH was also lower in 2007 than in 2006 and lower in the fertilized compared to the unfertilized treatments (Table 3) .
Soil N was aff ected by biochar application at both depths (Tables  2 and 3 ). In the surface soil (0-15 cm), a soil N response to biochar was evident from the signifi cant interaction between fertilizer, biochar LOF, and year. Th e three-way interaction resulted because soil N concentration was increased linearly in the unfertilized treatment during both 2006 and 2007, as well as in the fertilized treatments during 2007; however, the greatest soil N concentrations were seen in the 11 Mg ha -1 peanut hull biochar with N fertilizer treatment during 2006. Below the zone of incorporation (15-30 cm), a signifi cant linear response to biochar was present but the linear eff ect was moderated by fertilizer and year (i.e., signifi cant Fert × BC Lin × Yr interaction; Table 3 ). At this depth in 2006, there was a greater linear increase in the soil N concentrations with biochar application only in the fertilized treatment (Table 3) . Conversely, in 2007, biochar application rate had no aff ect on soil N in the fertilized treatments while the unfertilized treatment had a linear increase in soil N with peanut hull biochar application rate.
Soil P was not infl uenced by biochar at the 0 to 15 cm or the 15 to 30 cm depths but soil P was signifi cantly lower in 2007 than in 2006. A year × fertilizer interaction at the 0 to 15 cm depth was the result of a larger decline in soil P across years in the fertilized plots (Tables 2 and 3) .
Soil K, Ca, and Mg at the 0 to 15 cm depth had signifi cant linear responses to biochar application rates (Table 2) . However, the response of soil K was much greater in the fi rst year as indicated by the signifi cant contrast testing for interaction between the biochar linear eff ect and year. At the 15 to 30 cm depth, soil K concentrations showed a greater decrease in concentration in the fertilized compared to the unfertilized treatments (i.e., signifi cant Fert × BC Lin interaction; Table 3 ) as well as a greater eff ect of biochar in the fi rst year (i.e., signifi cant BC Lin × Yr interaction). Soil Ca increased with peanut hull biochar application rate at the 0 to 15 cm depth (Table 2) . Soil Ca was also lower in the fertilized than in the unfertilized plots at the 0 to 15 cm depth. None of the treatments infl uenced soil Ca at the 15 to 30 cm depth (Table 3) . Soil Mg increased linearly with peanut hull biochar application rate in both the 0 to 15 and 15 to 30 cm depths (Tables 2 and 3 ). At the 0 to 15 cm depth, soil Mg was reduced by fertilization in the second year aft er application (2007; Table 2 ). Soil S showed no response to peanut hull biochar application rate at the 0 to 15 cm depth. In contrast, at the 15 to 30 cm depth, soil S was increased with peanut hull biochar application but the relationship was not a simple linear increase (i.e., signifi cant Fert × BC LOF interaction) because the soil S observed at the 11 Mg ha -1 rate was not proportional between the fertilized and unfertilized treatments.
Pine Chip Biochar Experiment
Pine chip biochar had fewer infl uences on soil pH and nutrient concentrations than we observed with peanut hull biochar (Tables 4 and 5 ). At the 0 to 15 cm depths, pine chip biochar eff ects were found only for pH and soil Ca. Th e soil pH decreased Table 5 ). Calcium concentrations increased with biochar application rate in the fertilized treatments and decreased in the unfertilized treatments at this depth. Biochar and fertilizer did not aff ect soil N, P, S, or Mg concentrations at either the 0 to 15 cm (Table 4) or the 15 to 30 cm depth (Table 5) . Th ere was a signifi cant fertilizer eff ect on soil K at the 15 to 30 cm depth with higher soil K concentrations seen in the unfertilized treatments (Table 5) . Soil Mg concentrations were aff ected by fertilizer at both the 0 to 15 cm (Tables 4) and 15 to 30 cm (Table 5 ) depths with greater concentrations seen in the unfertilized treatments.
Corn Tissue Nutrient Concentrations Peanut Hull Biochar Experiment
Peanut hull biochar application rates did not infl uence corn tissue N, P, S, or Mg (Table 6 ). However, as would be expected, fertilizer application aff ected these nutrients in corn tissue. Th e response oft en diff ered between the two years (i.e., signifi cant Fert × Yr interaction; Table 6 ). In contrast, corn tissue concentrations of K and Ca were infl uenced by peanut hull biochar application rates (Table 6 ). Potassium concentrations in the corn tissue were below the suffi ciency level 25 g kg -1 (Plank, 1989) during both 2006 and 2007 in all treatments even though a large amount of K was added with the peanut hull biochar (Table 1) ; consequently, it is not surprising that we saw a corn tissue response for K. For tissue K concentration there was a strong linear response to peanut hull application rate but the response was greater in the fi rst year (i.e., signifi cant BC Lin × Yr interaction; Table 6 ). In addition, fertilization increased tissue K concentrations in the fi rst year and decreased K in the second year (i.e., signifi cant Fert × Yr interaction). Tissue Ca response to peanut hull biochar diff ered between years and fertilizer application rates (i.e., signifi cant three-way interaction; Table 6 ). In the fi rst year, corn tissue Ca concentrations increased with biochar application without fertilizer and decreased in the biochar treatments with fertilizer. In the second year, Ca decreased with biochar application with or without fertilizer.
Pine Chip Biochar Experiment
Corn tissue nutrients concentration showed little response to pine chip biochar application rates. No diff erences were observed for tissue concentrations of N, P, K, or Ca due to pine chip biochar application (Table 7) . Tissue concentrations of N and Ca were greater in the fertilized compared to the unfertilized treatments. Fertilizer × year interactions were found for both P and K. Tissue concentrations of P were greater in 2007 than in 2006 in both the fertilized and unfertilized treatments but the increase in tissue P was greater in the unfertilized treatments.
Tissue K concentrations were greater in the fertilized treatment in 2006 but were greater in the unfertilized treatments in 2007.
Biochar application rate infl uenced tissue concentrations of S and Mg (Table 7) . Th is is somewhat surprising because there were no biochar application eff ects seen in the soil and little S or Mg was added in the biochar itself. For tissue S there was a signifi cant three-way interaction between fertilizer, the LOF eff ect, and year (Table 7) . During both 2006 and 2007, S tissue concentrations were greater in the fertilized treatments. Little response in S was observed for either year without fertilizer. A linear response of tissue Mg concentration to biochar application rate was present in both years but the response was generally negative in 2006 and positive in 2007 (i.e., signifi cant BC Lin × Yr interaction; Table 7 ).
Grain Yield and Stover
Peanut Hull Biochar Experiment
Peanut hull biochar aff ected corn biomass production and yield (Table 8) . Th e response of grain yield to biochar was nonlinear and was infl uenced by fertilizer (i.e., signifi cant Fert × BC LOF). Corn yield declined with application of 22 Mg ha -1 peanut hull biochar compared to the 11 Mg ha -1 rate in the fertilized treatment. In contrast, in the unfertilized treatments, corn yield was decreased at the 11 Mg ha -1 application rate, but not at the 22 Mg ha -1 rate. Th e response of corn stover to peanut hull biochar application was linear but included a signifi cant year interaction because yields were greater and the biochar eff ect more pronounced in the fi rst year (i.e., signifi cant BC Lin × Yr interaction; Table 8 ). Th e biochar LOF × fertilizer interaction was the result of increased stover with increasing biochar application rate in the unfertilized treatments, but in the fertilized treatment greater stover was produced with 11 Mg ha -1 of biochar and less at 22 Mg ha -1 rate. As expected, the main eff ect of fertilizer was refl ected in increases in both grain yield and stover. Th ere was also a signifi cant eff ect of year with decreased yields and stover in 2007 compared to 2006.
Pine Chip Biochar Experiment
Pine chip biochar had a signifi cant eff ect on corn grain yield but not on corn stover (Table 9) . Th e eff ect of pine chip biochar application rate on corn grain yield was diff erent the two years. In 2006, corn grain yield decreased with increasing pine chip biochar application rate; however in 2007, the linear eff ect was reversed. Although grain yield was highest at the 11 Mg ha -1 rate, there was no signifi cant lack of fi t detected and only the linear interaction was signifi cant. Again, as expected, we saw a signifi cant response to both fertilizer for grain yield and stover in the pine chip biochar study. Similar to the peanut hull study, both grain yield and stover biomass were decreased in 2007 compared to 2006 due to growing conditions.
DISCUSSION
As we expected, the addition of biochar infl uenced nutrient availability, growth, and corn yield; however, the biochar materials were quite diff erent and elicited diff erent responses. Th e clearest and most consistent eff ect of biochar application was associated with increased base cation concentrations in the soil. Addition of base cations from peanut hull biochar increased soil pH the fi rst year, which is consistent with the report of increased pH in a sand/hardwood charcoal mixture due to base cations in hardwood charcoal by Tryon (1948) . Th is eff ect disappeared by the end of the second growing season probably due to crop uptake and leaching losses of the base cations in this sandy soil. In contrast, the pine chip biochar contained relatively low amounts of base cations and we did not see a pH increase the fi rst year. Tryon (1948) reported a smaller pH response to pine charcoal due to a lower ash concentration. By the end of the study at the highest application rate, the residual eff ect of both the peanut hull and pine chip biochars decreased soil pH. Th is may have been due to oxidation of the surface of the biochar over time which creates more carboxylic functional groups (Cheng et al., 2006) . Base cations added to the soil from peanut hull biochar were plant available as indicated by the linear increase of K, Ca, and Mg Mehlich I concentrations. Whether the increased availability of these cations was refl ected in the corn tissue depended on the particular cation, growing conditions, and whether the corn received additional fertilizer. Increased soil available K was refl ected in the corn tissue in both the fertilized and unfertilized treatments during the fi rst year, but not the second year. Greater growth in the fertilized treatments may have increased uptake of this available K. Th e implication of these results is that the biochar served as a temporary source of these nutrients but did not sustain levels above suffi ciency beyond the fi rst year of application. Other studies have reported increased K, Ca, and Mg concentrations in plants grown with biochar and various fertility amendments (Rondon et al., 2007; Steiner et al., 2007; Topoliantz et al., 2005) . Th e concentration of these nutrients in the biochar were generally low and increased plant tissue concentration was attributed to increased availability (Rondon et al., 2007; Topoliantz et al., 2005) .
We expected that N might aff ect the response to fertility between the two biochar sources. Th e pine chip biochar with a relatively large C to N ratio was expected to increase N immobilization while the peanut hull with a lower C to N ratio was expected to increase N mineralization. If all of the peanut hull biochar N was available it should have met the N requirement of irrigated corn at the 11 Mg ha -1 application rate. We did see an increase in total soil N at the 0 to 15 cm and 15 to 30 cm depths with peanut hull biochar application. Th e observed interactions among fertilizer, biochar, and year (particularly the interaction with the linear eff ect of biochar rates below the zone of incorporation) could indicate mineralization was taking place; however, we did not see an increase in corn tissue N concentrations. If mineralization occurred, the N was retained in microbial biomass or leached from the system. Over the short term (18 mo.), the N from this relatively high N biochar with a relatively low C to N ratio (C/N = 38) was not available for plant growth. Our results contrast with the results of both Tagoe et al. (2008) and Chan et al. (2008) who reported that N in poultry litter biochars was available for plants. It appears that N in plant-based biochars may be less available than that in biochar from animal manures. Th ere was little evidence for increased N immobilization with application of the biochars. Corn tissue N concentrations were not negatively infl uenced by either the pine chip or peanut hull biochar application and in the N fertilized treatments corn tissue N concentrations were within the suffi ciency threshold [28 g kg -1 ; Plank (1989) ]. Th e fi rst year decrease in grain yield in the N fertilized treatments did not appear to be related to N defi ciency in the corn plants because all the N fertilized treatments were above the 28 g kg -1 suffi ciency level (Plank, 1989) .
Similar to N, P availability did not change due to biochar treatments. Th e high rate of peanut hull biochar supplied an additional 48 kg P ha -1 (if all the P was plant available) above that applied with the base fertilizer at the beginning of the experiment. Even with these P additions, corn tissue concentrations were below or near the suffi ciency level of 3 g kg -1 (Plank, 1989) across all treatments refl ecting the poor capacity of this soil to retain and supply P.
Our results indicate the infl uence of biochar on corn yield in a fi eld setting is not simple. Biochar without the addition of other fertilizers increased yields over the unamended controls, but the yields were relatively low and would produce limited economic return. Work by Steiner et al. (2007) in Brazil also found little increase in yields with the addition of charcoal alone compared to the no amendment control, but yield increases were reported over the fertilizer check with the combination of charcoal and fertilizer. Th ey observed further increases in yield when a compost/charcoal/fertilizer combination was used. Our grain yield and stover results should be interpreted with caution due to low rainfall during 2006 and 2007. Corn uses from 6 to 9 mm of water per day during the reproductive growth phase and is susceptible to drought and high temperatures (Lee, 2009) . We entered the 2007 growing season with depleted subsoil moisture due to the lack of winter rains in 2006/2007. Although irrigation was suffi cient to maintain growth it was not suffi cient to fully recharge the soil profi le under the drought conditions experienced during the 2007 growing season. Yields were lower in 2007 compared to 2006 in the fertilizer check treatment for both biochar experiments indicating the yield reduction was not due to treatment with biochar. In addition to yield, dry conditions may have infl uenced mineralization and nutrient availability. Biochar has been found to increase retention of nutrients, particularly N, in tropical soils that receive heavy rainfall (Lehmann et al., 2003; Steiner et al., 2008) . Th e relatively low rainfall conditions of this study may have minimized some of the potential benefi ts of biochar but south Georgia periodically experiences drought conditions (Paulson et al., 1991) . Because the eff ect of increased soil organic C on yield is largely associated with the addition and active decomposition of organic matter (Wilhelm et al., 2004) , yield increases due to biochar addition may be linked to changes in nutrient cycling seen when soil organic C is increased and an interplay between a more labile C source and the recalcitrant biochar. Research on both conservation tillage systems (Motta et al., 2002) and organic production systems (Melero et al., 2008) indicate these changes take 3 to 5 yr to become apparent. A longer term study on a fi eld scale is needed to evaluate the full eff ect of biochar addition on row crop production in the southeastern United States.
Finally, many reports of increased yields with biochar have been in greenhouse studies. Because these studies are under ideal growing conditions, the eff ects of biochar may vary under fi eld conditions where there is a complex interplay between the soil, climate, and other factors. Consequently, results from greenhouse studies may not be replicated when similar studies are conducted under fi eld conditions. Although we did not see Table 8 . Mean grain yield, stover biomass, and probabilities for main effects and contrasts of corn amended with peanut hull biochar at three rates for two growing seasons at Tifton, GA. Table 9 . Mean grain yield, stover biomass, and probabilities for main effects and contrasts of corn amended pine chip biochar at three rates for two growing seasons at Tifton, Georgia. increased yields with biochar addition and fertilizer, we also did not see evidence of a long-term yield decrease or induced nutrient defi ciencies. Th ese results indicate that biochar may be useful for C sequestration. Further studies are needed to understand crop and soil responses to biochar and to develop recommended rates for particular biochars in diff erent soils.
Biochar Rate Fert
CONCLUSIONS
Our objectives were to evaluate the eff ect of peanut hull and pine chip biochars on soil nutrients, corn nutrient status and yield in a low C, low inherent fertility soil in the Coastal Plain of the southeastern United States. Th e greatest eff ect of biochar was due to the addition of base cations in the peanut hull biochar study. Th is had a short-term eff ect on soil pH and increased available K, Ca, and Mg. Biochar had little eff ect on corn nutrient status. Corn tissue N was not aff ected in either the peanut hull or pine chip biochar experiment. Potassium in the corn tissue was increased by the peanut hull biochar. Th e addition of peanut hull biochar with N fertilizer caused a yield depression at the highest rate of biochar application (22 Mg ha -1 ). Th e pine chip biochar addition caused a decreased grain yield during the fi rst growing season; however, this did not persist through the second growing season. Overall yield responses to biochar, either positive or negative, were smaller than expected based on previous studies. If biochar is to be used for C sequestration, further work needs to be conducted to confi rm these results and develop recommended rates.
